Abstract-Power systems have evolved as countries implement energy policies focusing on energy efficiency and increased share of renewable energy sources (RES). At the forefront is nondispatchable generation such as wind and solar. Traditionally power systems were designed for fully dispatchable generating plant. However, these powers systems are under additional pressure due to the variable operational characteristics of RES. Consequently, capital investments in grid reinforcement, interconnection, additional gas generators and smart grid initiatives have been proposed and implemented. Moreover, an increased interest in energy storage technologies has evolved due to their various economic and operational benefits to power systems. Current compressed air energy storage (CAES) plants have shown economic feasibility and reliability. Thus, the main focus of this paper is to investigate and compare two scenarios; one without CAES and a second with CAES as an additional generator in the 2020 Irish power system using power systems simulation software PLEXOS.
I. INTRODUCTION
The utilisation of renewable energy sources (RES), namely non-dispatchable generation such as wind and solar has grown rapidly as countries worldwide strive to meet binding renewable energy targets.
Record installations in the United States (US) and Europe has led to a global capacity of 45GW of new wind power in 2012, a 10% increase relative to 2011 [1] . This is driven by the trend of rising costs of fossil fuels along with government policies such as the European Commission's Renewables Directive 2009/28/EC and SET-Plan [2] , [3] .
Moreover, most European Union Member States have set ambitious targets for increased renewable energy penetration within their electricity markets. In particular the governments of the Republic of Ireland (ROI) and Northern Ireland (NI) have set a target that requires 40% of generation to come from RES, mainly wind, by 2020 [4] .
The ROI and NI will potentially be seeking to operate over 6,000MW (circa. 39% of the total generation capacity) of wind farms on the combined, All-Island of Ireland (AII) power system by 2020 [5] . The increasing amount of wind farms due for connection to the AII power system introduces a new challenge for the transmission system operator. This involves maximising the integration and use of the wind power (up to 75% of installed wind capacity) while maintaining high levels of reliability and security of the system. Moreover, this introduces a number of technical and economic issues, primarily due to the random nature of wind [6] .
Subsequently, the ability to store and integrate wind power using large scale energy storage is increasingly being scrutinized as a viable option to overcome these issues [7] . Developing cost effective energy storage technologies is one of the greatest engineering challenges, although the issue has received relatively modest mainstream attention or support compared to wind or solar technologies.
Pre-2020 AII policy has resulted in plans for grid reinforcement, interconnection and additional gas generators [8] . A number of policy commissioned studies have considered the use of large scale energy storage such as pumped hydroelectric energy storage (PHES) and compressed energy storage (CAES) but the benefits they provide to the AII system have not been fully examined [9] .
Although, current CAES plants have shown economic feasibility and reliability, economic uncertainties surrounding this technology are still relatively high and further analysis is required. Moreover, CAES may add value to the AII system due to its ability to displace less flexible and more expensive generators. However, questions remain about the economic feasibility of CAES in terms of investment cost, as well as its effects on the AII system in terms of providing ancillary services [10] .
Thus, the purpose of this paper is to investigate and compare two scenarios; one without CAES and a second with CAES as an additional generator in the 2020 AII system. The main areas investigated were CAES operation and generation, emissions and economic assessments.
II. COMPRESSED AIR ENERGY STORAGE

A. Overview of technology
CAES is a hybrid form of storage and is a modification of the conventional gas turbine (GT) technology. A CAES plant consists of a power train motor that drives a compressor to compress air into a cavern, a high pressure turbine, a low pressure turbine and a generator as shown in Fig. 1 . Fig. 1 . CAES system [11] CAES plants operate similarly to a conventional GT except that compression and expansion operations occur independently and at different time periods. During the compression operation, off peak low cost electricity is used to run a chain of compressors which injects air into the cavern.
During the expansion operation, for generating peak high cost electricity, air is withdrawn from the cavern. The pressurised air is then used to power the GT for electricity generation using just 33% of the gas normally required [12] .
However, current CAES plants require large underground caverns and hence, are dependent on geographical location which can be a major disadvantage when planning the use of this storage technology. It can be sometimes difficult to identify underground caverns where CAES plants can be constructed as it needs to be close to the electric grid and gas infrastructure [13] . Moreover, the underground geologies most suitable for constructing CAES caverns are: salt, hard rock and porous rock.
B. Review of research and development
The technological idea of CAES is more than 40 years old and in the 1970s the first investigation of its feasibility started as a means to provide energy during peak demand and transition time needed from base load plant to reach its operational point [14] .
At present, there are two first generation CAES plants in operation, one in Huntorf, Germany where a 290MW plant was constructed in 1978 and another in Alabama, USA where a 110MW plant was constructed in 1991 [7] . Some pilot CAES plants have been built in Japan, Italy (25MW) and the US. Plants have been also proposed for Israel and Russia. In Europe, the idea of developing CAES is obtaining momentum due to the utilisation of intermittent wind and solar power plants.
In particular, an appraisal of the geological conditions and the potential of underground gas storage and CAES technologies was undertaken in Larne, NI [15] . Results indicated that Larne is the only place in NI and one of few places in the United Kingdom, which has salt deposits potentially suitable for CAES [15] , [16] . The potential exists for a 268MW CAES plant to be connected to AII power system [16] . Currently, SONI (NI grid operator) is in discussions with a renewables development company about the connection of a proposed CAES plant in the Larne area [17] .
Although the use of CAES is not widespread, a significant amount of research has increasingly analysed CAES as a solution to improving wind integration and reducing wind curtailment [7] , [18] , [19] . A study of a 190MW wind farm located in Victoria, Australia found that CAES was the most profitable storage option with a rate of return of 15.4% relative to 9.6% and 8.0% for PHES(with seawater) and thermal energy storage respectively [20] .
A number of techno-economic studies of the AII power system have been undertaken which consider PHES and CAES as additional generators [10] , [19] , [21] . According to Nyamdash et al. [19] due to the absence of any support mechanisms none of the storage devices were economically viable when combined with wind generation. Lobera et al. [10] concluded that under the current single electricity market (SEM) rules CAES can optimise energy arbitrage opportunities but the value of ancillary services market worth needs to be determined.
Consequently, the benefits of CAES to the AII system necessitate further investigation in terms of energy arbitrage, ancillary services, reduced emissions and avoided curtailment/constraint management.
III. METHODOLOGY
A. Modelling software PLEXOS version 6.207 R05 was used to build and run the models developed for this analysis. PLEXOS is a power systems modelling tool developed by Energy Exemplar and is used for electricity market modelling and planning worldwide [22] . Since 2007, PLEXOS has been used in Ireland by the Commission for Energy Regulation (CER) and market participants to validate and forecast SEM outcomes. It has also been used for several AII case studies [23] [24] [25] [26] .
The software was chosen because it provides a flexible interface allowing user defined characteristics and constraints to be assigned clearly. Moreover, it is a well proven and robust software which is suitable for examining the AII power system.
B. Model description
The CER publishes a validated PLEXOS model annually consisting of the technical details for all the generators such as maximum and minimum generation levels, ramp rates and heat rates. The CER validated forecast model of 2011-2012 was used as a starting point from which the 2020 model for this analysis was developed [27] .
The 2020 model was populated with the individual generator technical characteristics and the ranges of reserve provision were assigned as per the transmission constraint groups (TCGs) requirements [28] . The system demand and installed wind power capacities for 2020 were obtained from the Eirgrid All-Island generation capacity statement 2012-2021 [29] . The Great Britain (GB) market and interconnections to the ROI and NI were modelled as per the 2011 CER model.
Concurrently the PLEXOS software simulates and optimises the half hourly dispatch of the generation portfolio to meet demand at least cost while taking into account the generators technical and commercial characteristics. Prior to dispatch, PLEXOS calculates the availability of each generator throughout the year while taking into account the planned and unplanned maintenance. The former is assigned manually based on the 2011 schedule and the latter is modelled as a random event.
Similar to the SEM, PLEXOS calculates a system marginal price (SMP) and a generator output schedule for each period, therefore providing an accurate representation of the dispatch of generators on the AII power system. Further details in relation to the model setup and main assumptions are described in the following sections.
C. Main model assumptions
The AII system demand is expected to increase 11% between 2011 and 2020 based on the median demand forecast by Eirgrid [29] . The median demand forecast is considered to reflect the latest projections for the ROI and NI as a result of the economic environment and has been used for several Irish case studies. Accordingly, the 2011 demand time series profile is linearly scaled to reflect the 2020 median demand forecast.
Wind is modelled in aggregated form, split into the 13 regions. Each region has an associated half hourly profile which represents the wind availability in that region in each half hour, as a percentage of total installed capacity in that region. It is assumed that no more offshore wind will be developed in AII prior to 2020 and the 2020 targets will be met almost entirely by onshore wind. It is assumed that only 25.2MW of installed offshore wind capacity exists from a single wind farm at Arklow Bank, Co.Wicklow, Ireland.
A constraint restricting the amount of wind generation on the AII system for a given period is enforced based a system non-synchronous penetration limit. The constraint ensures that the amount of wind generated, when added to imports, does not exceed 70% of the sum of system load and exports [30] .
The thermal generators for the 2020 model are as per the list of new entrants and retirements which have signed agreements and confirmed dates to connect to the AII power system over the next 10 years as in Table I [29] . New entrant A single gas fired generator was used to represent the GB market. Gas fired generation has been the predominant marginal plant type on the GB system and a high correlation between the cost of gas fired generation (including carbon) and the GB power price has been determined [27] . The GB single gas generator was assigned 12 different heat rates and variable operating and maintenance (VOM) costs.
The Moyle interconnector (MI) links NI to Scotland, meaning that the GB market can influence the SEM. Flows on the MI are largely driven by arbitrage of the relative prices in the two markets. The MI is limited to importing 450MW November-March and 410MW April-October. However, there is uncertainty in relation to the actual maximum import and export capacity of the MI for the foreseeable future due to an undersea cable fault [17] . The new East-West interconnector between the ROI and GB, maximum flow was assumed 500MW both ways and price constraints were based on the MI settings.
The SEM is designed around a single unconstrained marginal pricing structure and the price determined within the SEM ignores transmission and reserve constraints but adheres to generator technical abilities. The 2020 model applies historic Transmission Loss Adjustment Factors (TLAFs) to both no-load and start-up costs in addition to the incremental costs of generators. This follows a revision to the SEM rules and systems that now require this to be incorporated into generators bids [27] .
Moreover, transmission and system stability requirements are applied as per the TCGs requirements which provides a more realistic representation of the AII power system in the model [28] .
D. Modelling CAES
A CAES plant is represented in PLEXOS by an idealised pumped storage (PS) plant and an idealised GT connected by some constraints in order to replicate the operation of the CAES plant. In compression mode the PS plant takes power from the grid to compress air and in generation mode, both the PS plant and GT generate power. This approximation has been adopted previously for other case studies [10] , [31] . The details of the CAES plant used for this analysis are shown in Table II and are assumed to represent the plant which will be connected to the AII power system in 2020. 
E. Cost data
Fuel prices are based on predictions for 2020 from several sources [23] , [25] , [32] [33] [34] . A carbon tax of €30/t CO 2 based on the European Union Emissions Trading Scheme (EU ETS) was applied to fossil fuel burning generators; this was a realistic figure based on the carbon taxes used for previous Irish studies, which ranged between €15/t -€45/t [21] , [23] , [25] , [32] , [34] [35] [36] . Generator VOM costs were obtained from several sources [32] , [35] , [37] [38] [39] [40] [41] and start costs were derived from historic start costs [27] . Cost data for the CAES plant were based on Thorner et al. [11] .
All cost data was normalised to 2020 values using historic consumer price indexes [42] and an assumed average annual inflation rate of 1.5% between 2011-2020 was applied. The cost data has a direct influence on the SMP and the total generation costs but more importantly it has a direct influence on the dispatch of the different types of generators.
The general approach to date for SEM PLEXOS modelling has been to model wind generation at zero short run marginal cost (fuel and carbon costs equal zero) based on the assumption that it will always run when available, due to its priority dispatch status. Hence, the Again, this approach has been adopted for this analysis. Similarly, predictable price takers Peat and Aughinish CHP generators are assigned zero short run marginal cost to ensure they are dispatched fully when available.
F. Limitations of the analysis
This analysis used a deterministic model as a starting point using a set of main assumptions based on engineering judgement and previous studies. The analysis assumed perfect foresight for wind generation and system demand with no significant rules changes to the SEM or to the broader market by 2020. The analysis therefore applied the current SEM rules and assumed that the current bidding principles and the methodology for calculating the various cost and revenue streams remained unchanged.
IV. RESULTS AND DISCUSSION
A. Model Scenarios
To evaluate the benefits of a CAES plant in 2020 two scenarios are run; one without CAES and a second with CAES as an additional generator in the AII system; in the following sections these are identified as scenarios 1 and 2 respectively. A comparison of the scenario results are presented and discussed in the following sections. Fig. 2 indicates the half hourly compression and generation cycles of the CAES plant over a typical week. During times of high SMP the CAES plant tends to generate and the opposite generally occurs for low SMP. This suggests that the CAES plant is taking advantage of energy arbitrage opportunities within the SEM as a result of the PLEXOS optimisation. The generation comparison of the two scenarios is presented in Table III . It can be seen there is a decrease in the fossil fuel burning generators namely gas and coal, while there is a minor increase in wind and pumped storage generation. The CAES plant has a generation output of 691GWh for the entire year offsetting the less flexible and more expensive gas and coal generators. Overall, the AII system total tonnes of CO 2 emissions have decreased by 9.05% due to the addition of the CAES plant in the AII system. A CO 2 emissions target level of 12.3 million tonnes for electricity generation in 2020 [43] is met as both scenarios give emissions below this threshold. Similarly, the CO 2 emissions produced for fossil fuel burning generators have decreased slightly for scenario 2 relative to scenario 1 as presented in Table V . Table VI . The pool revenue (price received x generation) is the revenue collected by each generator in the SEM. It can be seen that due to the addition of the CAES plant, the pool revenues for most of the generators increase. This is mainly due to an increase in the average annual price received from €90/MWh to €117/MWh as a result of the CAES plant's inclusion in the generation portfolio. However, the gas generators which represent a large portion of the overall generation portfolio do not benefit from the CAES plant's inclusion. This is beneficial to most of the power producers but it has a negative effect on the retail market. The power producers are paid a higher price from the pool which then has a knock-on effect to the electricity consumer. Table VII presents the total generation cost (including VOM cost, fuel cost and emissions costs); compression cost; pool revenue and net revenue (the revenue collected in the energy market minus the total generation cost and compression cost) for the CAES plant over the year 2020. Additional revenues for the CAES plant include reserve revenue from the ancillary services market and annual capacity payments. This analysis has not taken these additional revenues into account due to the uncertainty of how CAES will participate in the SEM under current market rules. The CAES plant receives positive net revenue of €33,801,000 over the year 2020; research is in progress to determine the additional revenue gained from the ancillary services market and annual capacity payments. This is of particular interest to an investor as CAES is a capital intensive technology and a detailed cost benefit analysis would help determine whether it is a viable technology.
B. CAES operation and generation
V. CONCLUSION The potential benefits of CAES to the 2020 AII system were evaluated by using the power systems and market modelling tool PLEXOS. Based on the modelling conducted, it was determined that a 270MW CAES plant can displace a significant fraction of coal and natural gas generators. The CAES plant has a minor effect on wind generation and this presumable due to the large system non-synchronous penetration limit in 2020. However, it would be interesting to examine the effect on the AII system if wind was modelled stochastically relative to perfect foresight.
The addition of a 270MW CAES plant in the AII system enables a 9.05% reduction of CO 2 emissions. Also, due to the addition of CAES, the pool revenues for most of the generators increased. Although, this is beneficial to most of the power producers it has a negative effect on the retail market.
Furthermore, CAES can achieve a high positive net revenue under current SEM rules while exploiting energy arbitrage opportunities. However, it remains for continuing research to study the additional revenue to be gained from the ancillary services market and annual capacity payments.
